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AbSTRALT 

The  dissociation  of  nitromethane  following  the  excitation  of  the  it*  4  n 
transition  at  193  nm  has  been  investigated  by  two  independent  and  comple¬ 
mentary  techniques,  product  emission  spectroscopy  ana  molecular  beam 
photofragment  translational  energy  spectroscopy.  The  primary  process  is 
shown  to  be  cleavage  of  the  C-N  bond  to  yield  CH^  ana  N02  radicals.  The 
translational  energy  distribution  for  this  chemical  process  indicates  that 
there  are  two  distinct  mechanisms  by  which  CH^  and  NO^  radicals  are 
produced.  The  dominant  mechanism  releasing  a  relatively  large  fraction  of 
the  total  available  energy  to  translation  probably  gives  NO,,  radicals  in  a 

0 

vibrational ly  excited  state.  When  dissociated,  other  nitroalkanes 
exhibit  the  same  emission  spectrum  as  CH3N02,  suggesting  little  transfer 
of  energy  from  the  excited  NO-  group  to  the  alkyl  group  during  dissocia¬ 
tion  for  the  dominant  mechanism.  This  conclusion  is  supported  by  the 
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apparent  loss  of  the  slow  NOg  product  in  the  molecular  beam  studies  to 
unimolecular  dissociation  to  NO  +  0,  which  will  occur  for  N0^  with  72 
kcal/mole  or  more  internal  energy. 

Evidence  is  presented  which  suggests  that  the  NO^  produced  via  the 
minor  mechanism,  which  releases  a  smaller  fraction  of  the  available  energy 
to  translation,  has  a  large  cross  section  for  absorbing  an  additional  photon 
via  a  parallel  transition  and  dissociating  to  NO  +  0. 


3 


INTRODUCTION 

i  y 

The  optical  absorption  spectrum  of  nitromethane  ’  is  a  broad 

continuum  extending  down  from  370  nm  to  the  vuv  having  maxima  at  198  nm  (e 

4000  cm~^)  and  270  nm  (c  ■  10  Nagakura^  assigned  the 

strong  and  weak  banas  to  »*  4  »  and  ir*  4  n  transitions  respectively,  where 

both  transitions  are  localized  on  the  N0^  moiety.  Photoelectron  and 

3-5 

electron  energy  loss  spectroscopic  studies  are  for  the  most  part 

consistent  with  these  assignments  although  Rabelais  believes  the  strong 

transition  to  be  a  promotion  of  a  C-N  o  bonding  electron  to  the  antibonding 

it*  orbital  of  the  NO^  and  Flicker  et  al.5  suggest  tnat  this  it*  4  a 

transition  occurs  in  the  same  region  as  the  **  4  n  transition  and  accounts 

for  almost  all  of  the  270  nm  peak  in  the  optical  spectrum. 

The  energetically  allowed  photodissociation  channels  involving  simple 

oond  rupture,  and  two  other  channels  involving  the  migration  of  H  or  0 

atoms,  are  shown  in  Fig.  1.  A  short  review  of  previous  studies  of  the 

ultraviolet  photolysis  of  nitromethane  has  been  presented  by  Schoen  et 

al.®  Gas  pnase  photochemical  studies  to  date  have  been  limited  to 

excitation  of  the  it*  4  n  transition  (perhaps  better  assigned  as  a  »*  4  s 

7  ft 

transition  by  Flicker  et  al.).  Flash  photolysis  studies  ’  indicate  that 
formation  of  CH^  and  NOg  radicals  is  the  major  process  for  this  region, 
though  Honda  et  al.^  show  evidence  of  other  minor  cnannels. 

Three  recent  gas  phase  photodissociation  studies  in  the  region  of  the 
270  nm  transition(s)  have  relied  on  direct  aetection  of  the  photodissoci¬ 
ation  prooucts^’^’6  by  laser  induced  fluorescence  (LIF)  or  electron 
bombardment  ionization  methods.  Spears  and  Bruggey  dissociated  CHjN02 
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at  252.6  nm  ana  probea  the  vibrational  population  of  the  ground  electronic 
state  NO,,  formed.  By  filtering  the  L IF  signal  they  concluded  that  the 
NO2  is  highly  excited  in  all  vibrational  modes.  Kwok  et  al.*°  studied 
the  pnotodissociation  of  nitromethane  at  266  nm  in  a  collision-free  crossed 
laser-molecular  beam  experiment  with  mass  spectrometric  detection.  Although 
the  vibrational  preaissociation  of  small  clusters  of  nitromethane  molecules 
was  detected,  oissociation  products  from  the  monomer  were  not  observed. 

They  estimated  from  their  detection  sensitivity  and  the  absorption  cross 
section  at  266  nm  that  the  quantum  yield  for  dissociation  of  the  monomer  is 
less  than  3  percent  for  several  possible  products  that  would  fragment  to 
give  CH^,  NQ^,  N0+,  HN0+,  or  CH^NO*  in  the  ionizer.  Schoen  et  al.®  used  a 
5  ps  photolyzing  pulse  at  264  nm  and  monitored  the  subsequent  evolution  of 
the  NO^  fragment  by  L IF  with  a  5  ps  527  nm  pulse.  They  estimated  a  1 
percent  quantum  yield  of  NO^  product.  They  found  that  tne  dissociation 
occurred  in  <5  ps  and  that  some  of  the  NO^  prociuct  was  formed  in  an 
excited  fluorescing  state. 

In  the  present  paper,  two  complementary  techniques  have  been  used  to 
study  the  primary  processes  occurring  when  nitromethane  is  excited  at  193  nm 
near  the  maximum  of  the  *  w  transition.  The  method  of  photofragment 
translational  energy  spectroscopy  in  a  crossed  laser-molecular  beam 
apparatus  identifies  the  primary  photochemical  process  as  cleavage  of  the 
C-N  bona  and  shows  that  there  are  two  aistinct  mechanisms  which  produce 
CH.j  and  NC^  products.  Product  translational  energy  distrioutions  for 
tne  dissociation  pathways  are  measured  and  a  comparison  of  the  product 
velocity  distributions  suggest  that  for  the  dominant  process  the  NOg 
radical  retains  much  of  the  internal  energy.  The  method  of  fluorescence 
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emission  spectroscopy  identifies  the  excited  electronic  state  of  the  NO^ 
radical  for  tne  dominant  process  and  the  emission  spectra  of  a  series  of 
nitroalkanes  provides  independent  evidence  that  little  energy  has 
transferred  from  the  N02  group  to  the  CHj  during  dissociation.  The 
emission  spectra  suggest  and  the  molecular  beam  studies  confirm  that  the 

O 

hottest  N02(  B2)  is  formed  with  sufficient  internal  energy  to 
spontaneously  oecompose.  Evidence  from  the  molecular  beam  studies  is  also 
presented  which  suggests  that  the  N02  produced  in  the  minor  primary 
processes  undergoes  efficient  secondary  photodissociation  to  NO  +  0  via  a 
|  parallel  transition. 


« 


V 


6 


EXPERIMENTAL 

The  fluorescence  emission  studies  and  the  laser  polari2ation  dependence 
measurement  presented  here  were  done  at  Columbia  University  while  the 
complementary  molecular  beam  study  presented  was  done  at  Berkeley.  The 
results  of  these  independent  measurements  when  combined  allowed  many 
conclusions  to  be  made  about  the  primary  photochemical  processes  studied 
here.  Some  proouct  velocity  distributions  were  measured  at  Columbia,  but 
the  Berkeley  data  is  presented  as  it  is  more  complete  and  as  the  Berkeley 
apparatus  has  a  rotatable  detector  and  is  thus  sensitive  to  lower  product 
I  recoil  energies  than  the  fixed  90’  geometry  detector  at  Columbia. 

A.  Molecular  Beam  Experiments 

Time-of-f light  ITOF)  and  angular  distributions  of  the  photofragments 
were  measured  in  a  molecular  beam  apparatus  described  in  detail  else¬ 
where.^  Tne  molecular  beam  was  formed  by  bubbling  helium  through 
nitromethane  (Mall inckrodt  spectrophotometric  grade)  maintained  at  20*C  and 
expanding  the  mixture  through  a  0.005"  diameter  stainless  steel  nozzle  at  a 
total  stagnation  pressure  of  300  to rr  (II  percent  CH3no2/89  percent 
He).  The  nozzle  was  heated  to  240*C  to  effectively  eliminate  contributions 
from  molecular  clusters  in  the  beam.  The  velocity  distribution  of  the 
nitromethane  beam  was  determined  Dy  time-of-f light  measurements.  The  beam 
had  a  peak  velocity  of  1470  m/s  with  the  full  width  at  half  maximum  (FWHM) 
of  the  distribution  being  18  percent.  The  beam  was  collimated  by  a  skimmer, 
and,  after  passing  through  two  pressure  reducing  differential  chamoers,  it 
was  crossed  by  the  laser  beam.  The  molecular  beam  was  defined  to  an  angular 
divergence  of  -1.6*. 
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The  193  nm  photons  were  produced  by  a  Lambda  Physik  EMG  101  ArF  excimer 
laser.  For  most  of  the  data  taken  for  measurement  of  product  translational 
energy  and  angular  distributions,  the  laser  was  run  at  a  repetition  rate  of 
50  Hz  and  the  average  power  was  maintained  at  2.0  ±  0.04  W  (40  mj/pulse). 

The  laser  light  was  unpolarized  and  was  focussed  onto  the  molecular  beam  by 
a  35  cm  focal'  length  fused  silica  spherical  lens  to  a  final  spot  size  of  ~4 
mm  .  This  resulted  in  a  (time-integrated)  photon  flux  tnrough  the 

18 

interaction  region  with  tne  molecular  beam  on  the  order  of  ~1  x  10 
photons/cm^-pulse.  For  the  power  dependence  measurements,  the  power  was 
adjusted  by  changing  the  high  voltage  for  the  gas  discharge  and  running  the 
laser  with  the  beginning  or  end  of  a  gas  fill;  the  focus  and  alignment  were 
kept  constant. 

The  dissociation  products  were  detected  in  the  plane  of  the  laser  and 
molecular  beams  by  a  rotatable  ultra-high  vacuum  mass  spectrometer 
consisting  of  an  electron  bombardment  ionizer,  quaGrupole  mass  filter,  and 
particle  counter.  The  flight  path  between  the  beam  crossing  point  and  the 
ionizer  was  20.8  cm.  Angular  and  T0F  distributions  were  measured  in  the 

io 

usual  way. 

Signal  was  observed  when  the  quadrupole  mass  spectrometer  was  set  to 
pass  the  following  mass  to  charge  ratios:  m/e  »  46,  30,  16,  15,  14,  and  13 
corresponding  to  NOg,  NQ+,  0+,  CH^,  (CHj,  N+),  ano  CH+.  Typical  signal 
levels  at  a  detector  angle  of  10*  from  the  molecular  beam  were  2.8 
counts/pulse  for  N0+,  0.18  counts/pulse  for  NO^,  0.85  counts/pulse 
for  Q+,  and  0.42  counts/pulse  for  CHj.  The  NO^  signal  was  much 
lower  than  the  N0+  signal  from  the  NOg  product  presumably  due  to 
extensive  fragmentation  of  vibrationally  not  N0^  molecules  in  the 
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ionizer.  Mo  significant  signal  was  observed  at  m/e  =  47,  45,  44,  31  or  29 
corresponding  to  H0N0+,  CH^NO*,  CHgNC^,  (CHgO*,  HN0+) ,  and  (CH^N+,CH0  ) 
respectively.  At  all  masses  but  m/e  =  29,  this  signal  was  less  than  1 
percent  of  the  NQ+  signal  level.  At  m/e  *  29  a  signal  on  the  order  of  10 
percent  of  the  N0+  signal  was  observed  and  was  attributea  to  crosstalk 
from  the  large  signal  at  m/e  *  30  aue  to  the  finite  resolution  of  the 
quadrupole. 

TOF  attributions  were  measured  for  CH^,  NO^,  and  N0+  at  three 
detector  angles  with  respect  to  the  molecular  beam:  10”,  25°,  and  40*.  TOF 
data  was  also  taken  for  0+  at  10°  at  the  same  photon  flux  as  the  above 
data  (noted  previously)  and  for  m/e  =  14  and  13  at  10  and  laser  pulse 

energies  of  ~  13  mJ.  The  data  presented  for  CH^,  NO^,  N0+,  and  0+  were 

obtained  oy  counting  for  between  5  x  10^  and  10^  laser  pulses  at  each 

angle.  All  but  one  of  the  CH*  TOF  spectra  taken  had  a  very  slow  laser 

correlated  background  arriving  between  210  and  750  nsec  that  remained  when 
the  laser  beam  was  pulsed  but  the  molecular  beam  was  flagged.^  It  did 
not  significantly  overlap  the  data  and  was  discriminated  against  in  the 
angular  distribution  measurements  described  below. 

Angular  distributions  were  measured  for  CH^,  NO^,  ana  N0+  between  8“ 
and  45*  in  3*  increments,  although  good  signal  to  noise  ratios  were  not 
obtained  for  NO^.  We  gated  the  CH^  signal  from  20  -  200  ysec,  so 
that  the  slow  laser-correlated  background  was  not  included,  and  corrected 
for  this  in  our  calculation  for  the  fit  to  the  angular  distribution.  Each 
point  in  the  CH^  angular  distribution  is  the  integrated  signal  for 
K.OuO  laser  shots  and  is  the  normalized  sum  of  a  forward/backward  angular 


scan.  The  N0+  angular  disribution  is  the  sum  of  three  scans  taken  by 
reversing  directions  in  between  each;  each  point  is  the  integratea  signal 
collected  for  6,000  laser  pulses. 

6.  Laser  Polarization  Dependence 

The  dependence  of  the  m/e  =  15,  CHp  signal  on  the  polarization  of 
the  laser  was  performed  with  a  low  photon  flux  on  the  Columbia  molecular 
beam  apparatus  described  elsewhere.^  The  product  was  aetected  7.8  cm 
from  tne  interaction  region  at  right  angles  to  tne  pulsea  laser  and  an 
effusive  molecular  beam.  Here  the  laser  was  focussed  with  a  40  cm  focal 
length  cylindrical  lens  and  polarized  with  a  pile  of  ten  plates  polarizer, 
resulting  in  a  photon  flux  of  ~  1  x  10  photons/cm  .  The  electric 
vector  of  tne  lignt  was  rotated  with  a  half  wave  plate  cut  for  193  nm 
(Optics  for  Research).  The  T0F  distribution  for  m/e  =  15  was  measured  at 
eight  different  polarization  angles  in  a  staggered  fasnion  to  average  out 
experimental  fluctuations  in  background  signal  and  laser  power.  The  laser 
power  was  kept  constant  to  within  15  percent  ano  signal  was  accumulated  for 
2160  laser  snots  at  each  angle. 

C.  Fluorescence  Emission  Experiments 

Fluorescence  measurements  were  carried  out  in  a  flowing  cell. 

Pressures  ranged  from  20  to  100  mtorr  and  were  regulated  to  within  2 
percent.  Because  of  the  broad  spectral  range  of  the  emission,  several 
photomultipliers  were  useo.  The  fluorescence  from  the  dissociation  of 
nitromethane  was  viewed  with  an  RCA  31035  photomultiplier  tube  which  was 
cooled  with  dry  ice/acetone.  This  PMT  has  a  flat  response  from  400  to 


800  nm,  so  the  spectrum  (Fig.  6),  gives  a  true  picture  of  the  N0^ 
emission.  For  comparison  with  different  molecules  (Fig.  7)  uncorrected 
spectra  were  recoraed  from  380  to  650  nm.  The  resolution  of  the  1/4  m 
monochromator  (Jarrel 1-Ash)  was  ~4  nm  FWHM. 
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RESULTS  AMO  ANALYSIS 

A.  Determination  of  the  Primary  Photodissociation  Processes 

There  is  strong  evidence  from  the  molecular  beam  study  that  CH^  is 
the  only  primary  carbon  containing  photooissociation  fragment.  The  TOP 
spectra  of  m/e  =  15  corresponding  to  CH^  is  shown  in  Pig.  2.  The  m/e  = 

13,  CH+,  TOP  data  is  exactly  the  same  as  the  CH*  data  when  the  usual 
small  correction  for  the  mass  dependent  ion  flight  time  through  the  mass 
spectrometer  is  made.  This  suggests  that  CH+  is  a  daughter  ion  of  CH3 
and  that  there  are  no  other  primary  products  which  give  CH+  in  the 
ionizer.  In  addition,  no  significant  signal  (<1  percent  of  the  N0+  signal 
or  signal  accounted  for  by  crosstalk  from  m/e  =  30  due  to  the  finite 
resolution  of  the  quadrupole)  was  observed  at  the  masses  corresponding  to 
H0N0+,  CH3N0+,  CH2N0+,  (CH-jG*,  HN0+),  or  (C H3N+,  CH0+).  These  observations 
also  support  the  conclusion  that  the  CH3  radical  is  the  only  primary 
carbon  containing  photofragment  and  thus  identifies  the  primary  chemical 
process  as: 


CH3N02  »  CH3  +  N02  .  (1) 

The  angular  distribution  of  the  m/e  =  15,  CH3,  signal  is  shown  in 
Fig.  3.  The  angular  and  TOP  distributions  of  the  methyl  product  were  fit  by 
a  trial-ana-error  forward  convolution  method  using  different  assumed  forms 
for  the  center-of-mass  (c.m.)  translational  energy  distribution,  P(E'),  and 
angular  distribution,  w(e).  For  a  single  photon  process  in  tne  electric 
dipole  approximation,  tne  c.m.  angular  distribution  must  be  of  the  form 
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w(e)  =  1/4-wlI  +  2bP^(cos©)],  (2) 

wnere  e  is  tne  angle  between  the  electric  vector  of  the  laser  light  and  the 
final  c.m.  recoil  direction  of  the  products,  ana  the  anisotropy  parameter, 
b,  is  constrainea  to  the  range  -0.5  <_  b  £  +  1.0.  Therefore,  the  c.m. 
angular  distribution  is  completely  described  by  the  single  parameter  b.  A 
completely  flexible  point  form  for  the  P(E')  was  used.  The  fits  to  the 
CH*  aata  in  Figs.  2  and  3  were  calculated  using  the  solid-line  P(E')  in 
Fig.  4  ana  assuming  an  isotropic  c.m.  angular  distribution  (i.e.,  b  =  0). 

We  then  attempted  to  fit  the  data  with  several  anisotropy  parameters 
between  b  =  0.0  and  b  =  -0.5.  The  fit  to  the  laboratory  angular  distribu¬ 
tion  can  be  improved  if  b  *  -0.1  is  used,  but  it  begins  to  degrade  the  best 
simultaneous  10°,  25°,  and  40*  TOF  fits.  With  a  b  parameter  of  -0.3  it  is 
impossible  to  get  an  acceptable  fit  to  the  TOF's  or  angular  distribution. 

The  result  of  trie  analysis  is  that  if  the  entire  primary  photodissociation 
process  is  fit  with  one  anisotropy  parameter,  it  must  be  nearly  isotropic  in 
the  c.m.  reference  frame.  The  nearly  isotropic  distribution  observed  at 
this  laser  energy  fluence  may  have  been  influenced  by  saturation  effects. 

The  photon  flux  in  this  experiment  is  high  enough  to  dissociate  almost  all 
tne  molecules  regardless  of  the  orientation  of  their  transition  moment  with 
respect  to  the  polarization  of  the  laser.  For  a  perhaps  more  significant 
measurement  of  the  anisotropy  parameter,  see  Part  D. 

It  is  important  to  note  that  though  the  laser  used  in  this  experiment 
was  unpolarized,  the  data  is  still  sensitive  to  anisotropy  as  a  consequence 
of  the  geometry  of  our  oetection.  The  laser  light  can  be  resolved  into  a 
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component  perpendicular  to  the  plane  of  the  laser  and  molecular  beam,  the 
plane  of  aetection,  and  an  equal  component  parallel  to  the  molecular  beam. 
The  perpendicular  component  gives  an  isotropic  contribution  to  the  detection 
plane  but  tne  parallel  component  does  not. 

The  translational  energy  distribution  for  the  primary  photochemical 
process,  process  (1),  is  shown  by  the  solid  line  in  Fig  4.  Derived  from  the 
CH^  TOF  aata,  it  has  two  maxima,  a  sharp  feature  peaking  at  2  kcal/mole 
translational  energy  and  a  broad  feature  peaking  at  8  kcal/mole  and 
extending  out  to  44  kcal/mole  in  translation.  Within  the  resolution  of  this 
experiment,  the  shape  indicates  that  there  are  two  distinct  physical 
mechanisms  by  which  the  chemical  products  CH^  and  NO^  are  produced.  A 
minor  mechanism  releases  a  small  fraction  of  the  total  available  energy  to 
translation  and  peaks  at  2  kcal/mole  and  the  dominant  mechanism  channels  a 
larger  amount  of  the  total  available  energy  to  translation  and  extends  out 
to  a  translational  energy  of  44  kcal/mole. 

8.  Fluorescence  Emission  from  NO^  Product 

A  prompt  fluorescence  was  seen  after  the  excimer  laser  was  fired 
through  a  cell  containing  20  mtorr  of  nitromethane.  The  fluorescence 
lifetime  was  measured  to  De  35  *  5  ys  (Fig.  5).  In  the  Discussion  Section 
it  will  be  suggested  tnat  this  is  characteristic  of  the  2B2  state  of 
N02.  The  dispersed  fluorescence  is  snown  in  Fig.  6  for  nitromethane.  The 
emission  extends  from  tne  dissociation  limit  of  N02  (398  nm)  out  to  the 
infrared,  with  a  complete  lack  of  any  structural  features.  Similar  broad 
spectra,  characteristic  of  NU2,  have  been  reported  for  the  chemiluminescent 
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reaction  of  0  ♦  NO^  and  the  photodissociation  of  The 

presence  of  emission  near  the  dissociation  limit  of  NC^  indicates  that 
some  of  the  NO2  product  may  have  been  formed  with  enough  internal  energy 
to  unimolecularly  dissociate  to  NO  +  0,  as  is  discussed  in  part  C. 

As  shown  in  Fig.  7,  variations  in  the  alkyl  group  attached  to  NO^  do 
not  influence  the  emission  spectrum.  This  result  implies  that  the  excited 
state  NO^  is  formed  in  the  same  set  of  final  states  regardless  of  the 
alkyl  group  and  that  the  dissociation  time  is  faster  than  the  time  necessary 
for  relaxation  of  the  NO^  by  the  alkyl  groups. 

Figure  8  shows  the  emission  spectrum  obtained  when  nitromethane  was 

it 

pnotolyzed  with  the  laser  strongly  focussed.  Superimposed  on  the  NO^ 

continuum  are  adaitional  features  due  to  CN(B»X)  and  CH(A»X)  emission  which 

can  only  arise  from  a  multi  photon  process. 

C.  Spontaneous  Unimolecular  Decay  of  Highly  Excitea  NO^ 

Tne  m/e  =  46,  NO^,  TOF  data  is  shown  in  Fig.  9.  As  CH^  and 

hC>2  are  formed  in  the  primary  dissociation,  their  velocities  with  respect 

to  the  center  of  mass  are  related  by  momentum  conservation.  One  should  be 

able  to  fit  the  NO^  TOF  data  using  the  P(E')  which  fit  the  CH^  TOF 

data.  When  we  attempted  to  do  this  we  found  that  the  fast  NO 2  product  was 

correctly  related  to  the  fast  CH^  product  by  momentum  conservation,  but 

that  much  of  the  slow  NO2  product  was  not  detected.  The  good  fits  to  the 
+ 

NU2  data  in  Fig.  9  were  actually  calculated  from  the  dashed-line  P(E') 
in  Fig.  4  (again  assuming  b  -  0).  Evidently,  much  of  the  NO^  proouct 
formed  in  dissociation  events  releasing  less  than  16  kcal/mole  to 
translation  has  disappeared.  We  will  now  consider  what  eviaence  we  have 
concerning  how  this  NOg  is  lost. 
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The  NC>2  fluorescence  emission  studies  of  part  b  have  shown  that 
che  excess  energy  is  concentrated  in  the  excited  NO^  product.  Because  the 
band  origin  of  the  ^  state  is  calculated  to  be  27.9  kcal/mole*7’*8 
and  the  total  available  energy  is  90  kcal/mole,  any  NO^  from  dissociation 
events  releasing  b2  kcal/mole  or  less  into  translation  could  be  in  the 
B2  state.  Thus  we  tentatively  assign  the  major  primary  dissociation 
process  (corresponding  to  the  broad  energy  distribution  extending  out  to  44 
kcal/mole)  to  process  (3)  below: 


ch3no2 


ch3  ♦  n02(  b2) 


(3) 


It  appears  from  the  P(E')  derived  from  the  NO^  TOF's  that  all  of  the 
surviving  NO^  results  from  this  process.  The  P(E')  derived  from  the 
NO^  data  starts  to  deviate  from  the  P(E')  derived  from  the  CH3 
data  below  16  kcal/mole.  At  16  kcal/mole  translational  energy,  the  N02 
product  could  have  as  much  as  74  kcal/mole  internal  energy.  With  72 
kcal/mole  or  more  internal  energy,  N02(  B2)  will  unimolecularly 

p 

dissociate  to  NO  +  0.  Thus  the-loss  of  some  of  the  N02(cB2)  product 
at  translational  energies  less  than  16  kcal/mole  might  reasonably  be 
assigned  to  its  unimolecular  dissociation  to  NO  +  0  (process  4  below), 

p 

particularly  as  the  N02(cB2)  fluorescence  extends  to  the  dissociation 
1 imit. 


ch3no2  »  ch3  +  no2 


1 - >  NO  + 


(4) 
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Now  notice  that  practically  all  of  the  N02  formea  in  the  minor 
primary  dissociation  process  (which  gives  rise  to  the  peak  in  the  CH^ 

PlE')  at  2  kcal/mole)  nas  also  been  lost.  Whether  this  should  be  ascribed 
to  the  unimolecular  dissociation  of  this  N02  product  is  much  less  clear. 

If  this  were  so,  then  essentially  all  of  this  N02  would  have  had  to  retain 
72  kcal/mole  or  more  internal  energy,  since  there  is  no  hint  of  the  2 
kcal/mole  feature  in  the  N02  product  P ( E 1 ) .  Analysis  of  the  N0+  ano 
0+  data  in  the  following  subsection  suggests  that,  for  some  reason,  the 
N02  formed  in  the  minor  primary  process  undergoes  very  efficient  secondary 
photooissociation  to  NO  +  0. 

D.  Secondary  Photodissociation  of  N02 

The  N0+  TOF  distributions  are  shown  in  Fig.  10.  They  are  not 
identical  to  the  N02  distributions  shown  in  Figure  9.  Therefore  the 
NO  signal  is  not  due  solely  to  cracking  of  NQ2  in  the  ionizer.1  The 
most  striking  difference  between  N0+  and  N02  is  tne  presence  of  a 
fast  "shoulder"  in  the  N0+  TOF  attributions.  This  shoulder  becomes  quite 
prominent  at  larger  angles.  Also,  the  main  peak  in  the  N0+  distribution 
is  sligntly  broader  than  in  the  N02  distribution. 

Initially  we  thought  that  the  shoulder  ana  broadening  in  the  N0+  data 
might  be  entirely  due  to  NO  radicals  produced  in  the  spontaneous  unimole¬ 
cular  decay  of  hot  NQ2  (see  Part  C).  Certainly  the  slight  broadening  of 
the  main  peak  in  the  N0+  TOF  distribution  at  small  angles  may  be  attributed 
to  this  cause.  However,  for  energy  and  momentum  to  be  conserved  spontaneous 
decay  of  hot  NQq  cannot  account  for  the  fast  shoulder  in  the  NO*  TOF 


distributions.  At  10°,  the  fastest  product  in  the  shoulder  is  travelling  at 

c 

2.5  x  10  cm/s  in  the  c.m.  frame.  In  a  sequential  dissociation  of 
CH^hO^  producing  CH2  +  NO  +  0,  the  NO  will  attain  a  maximum  velocity 
for  a  given  amount  of  translational  energy  when  the  CH^  and  0  are  formed 
moving  in  tne  opposite  direction  of  the  NO  with  the  same  speed.  For  18 
kcal/mole  available  translational  energy,  the  maximum  NO  velocity  is 
calculated  to  be  only  1.6  x  103  cm/sec.  This  maximum  NO  velocity  is  still 
much  too  slow  to  account  for  the  fastest  observed  N0+  product. 

Another  explanation  for  the  fast  N0+  signal  is  that  secondary 
photodissociation  of  the  N02  product  is  occurring  during  the  excimer  laser 
pulse: 


NO^  - 193  — - *  NO  +  0.  (5) 

To  test  this  explanation  we  measured  an  0+  TOF  distribution  at  10°  (Fig. 

11).  The  shoulder  on  the  0+  distribution  begins  at  even  shorter  times 
than  the  shoulder  on  the  N0+  TOF  distribution,  as  expected  on  the  basis  of 
reaction  (5).  (Of  course,  the  0+  shoulder  may  contain  contributions  from 
both  NO  and  0,  but  the  contribution  from  0  will  dominate  the  fastest  part  of 
the  shoulder.) 

While  this  evidence  convinced  us  tnat  rxn.  (5)  is  occurring  unoer  our 
experimental  conditions,  it  is  clear  that  not  all  of  the  N02  undergoes 
secondary  pnotodissociation.  A  lot  of  N02  survives.  In  fact,  the 
experimental  CH2.*N02  ratio  (calculated  by  correcting  the  measured 
CH*  and  N0+  signals  for  relative  ionization  cross  sections  and 
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radical  fragmentation  in  the  ionizer)  agrees  with  the  CH^nO^  ratio 
calculated  from  the  CH^  and  N02  P ( E * ) ' s  in  Fig.  4  witnin  experimental 
error.  (The  oetails  of  tnis  calculation  are  given  in  Appendix  I).  That  is, 
the  majority  of  the  "missing”  N02  seems  to  be  accounted  for  already  by  the 
discrepancy  between  the  CH3  and  N02  P(E‘ ) 's.  Tnis  would  seem  to 
indicate  that  only  a  rather  small  fraction  of  tne  NQ2  corresponding  to  the 
N02  P(E* )  unaergoes  secondary  photodissociation.  If  tnis  is  the  case,  the 
intensities  of  the  shoulders  in  the  N0+  and  Q+  TOF's,  relative  to  the 

Of) 

main  peak,  should  decrease  linearly  as  the  laser  power  is  decreased. 

Even  before  we  measured  the  (J+  TOF  distribution,  we  remeasured  the 
NO+  TOF  distribution  at  a  laser  power  ten  times  lower  than  that  used  in 
Fig.  10.  (This  measurement  was  only  made  at  Q  ■  40°,  where  the  shoulder  is 
more  prominent.)  To  our  surprise,  the  shoulder  intensity  relative  to  the 
main  peak  was  only  slightly  (~20  percent)  lower,  compared  to  the  -10-fold 
change  whicn  haa  been  anticipated.  After  measuring  the  0+  TOF  distribu¬ 
tion,  ana  convincing  ourselves  that  secondary  N02  photoaissociation  had  to 
be  occurring,  we  repeated  the  N0+  TOF  measurements  at  three  laser  powers 
spanning  a  50-fold  range.  The  raw  data  is  shown  in  Fig.  12,  where  all  three 
distributions  have  been  normalized  to  the  same  peak  height.  The  dependence 
of  the  relative  shoulder  intensity  on  the  laser  power  is  confirmed,  but  the 
power  dependence  is  indeed  very  weak. 

To  obtain  a  measure  of  the  relative  shoulder  intensity,  we  calculated 
the  ratio  of  the  signal  in  the  shoulder  (channels  15-35  )  to  the  signal  in 
the  main  peak  (channels  36-120  ).  The  background/channel  was  calculated  by 
averaging  channels  2-13  and  was  subtracted  out  before  integrating  the  TOF 
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distributions.  Toe  dwell  time  per  channel  was  3  us.  The  results  for  the 
three  measurements  of  Fig.  12,  as  well  as  for  the  two  earlier  measurements, 
are  collected  in  Table  1.  As  the  laser  pulse  energy  increases  from  0.7  to 
33  mj/pulse,  a  factor  of  47,  the  relative  shoulder  intensity  increases  by 
only  a  factor  of  1.5.  For  reference,  the  total  N0+  signal  increases  by  a 
factor  of  six  over  this  same  range. 

We  are  faced  with  an  apparent  paradox.  The  weak  power-dependence  of 

the  shoulder  intensity  indicates  that  the  secondary  photodissociation  signal 

is  strongly  saturated,  just  as  the  primary  nitromethane  photoaissociation 

signal  is  strongly  saturated.  Yet  the  measured  CH-jiNO^  signal  ratio 

indicates  that  most  of  the  N02  primary  product  survives  (Appendix  I).  The 

most  reasonable  way  out  of  this  dilemna  is  to  attribute  the  secondary 

photodissociation  signal  to  N02  which  is  produced  in  the  minor  primary 

pnotoaissociation  process  which  gives  rise  to  the  "blip"  in  the  CH3  P(E') 

at  low  recoil  energies.  We  should  emphasize  that  very  hot  N02  (2B2) 

from  the  major  primary  photodissociation  process  cannot  contribute  to  the 
.  .  2 

secondary  photodissociation  signal,  since  N02  (  B2)  levels  which  lie 
above  the  NO  (cn)  +  0(  P)  limit  are  strongly  preoissociated  (predissoc¬ 
iation  lifetimes  on  the  order  of  picoseconds),  and  would  not  live  long 
enouyh  to  absorb  a  second  photon.  This  also  implies  that  most  of  the  NO^ 
which  is  produced  in  the  minor  primary  process,  while  presumably 
viDrational ly  hot,  must  be  below  the  NQ(^n)  +  0(3P)  limit. 

On  trie  basis  of  the  above  assignment,  we  attempted  to  fit  the  N0+  and 
0+  data  by  varying  the  P(E')  and  anisotropy  parameter  for  the  secondary 
pnotoaissociation  reaction  (5)  and  the  ratio,  e,  of  the  fraction  of  N02 
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which  undergoes  secondary  photodissociation  to  the  fraction  of  surviving 
NO^,.  The  details  of  the  calculations  and  the  final  fits  are  given  in 
Appendix  II  (see  Figs.  14-17).  Here  we  will  only  mention  the  main  results. 
(1)  To  fit  the  shape  of  the  shoulders  in  the  N0+  TOF  distributions,  it  was 
necessary  to  use  a  P(E')  for  reaction  (5)  which  peaked  around  10  kcal/mole 
and  tailed  off  smoothly  to  zero  around  100  kcal/mole,  with  a  mean 
translational  energy  of  31  kcal/mole.  (2)  To  fit  the  relative  shoulder 
intensities  in  the  N0+  TOF's  at  10* ,  25*  and  40*,  it  was  necessary  to  use 
a  positive  anisotropy  parameter  (b  =  +0.5)  for  reaction  (5).  Evidently,  the 
secondary  photodissociation  of  proceeds  via  a  parallel  transition. 

(3)  To  fit  the  oDserved  ratio  of  the  shoulder  intensity  to  the  main  peak  in 
the  N0+  and  0+  TOF's,  it  was  necessary  to  assume  that  e  ~  0.50.  This 
implies  that  about  1/3  of  the  total  N02  (less  that  fraction  which 
spontaneously  decomposes)  undergoes  secondary  photodissociation  at  our 
highest  laser  pulse  energies.  For  discussion  of  the  quantitative 
significance  of  the  derived  e  value,  see  Appendix  II. 

To  summarize,  we  nave  assumed  that  the  NO^  which  is  produced  via  the 
minor  photodissociation  channel  of  CH^NO^  (which  gives  rise  to  the  blip 
in  the  tH^  P(E'))  undergoes  very  efficient  secondary  photodissociation  to 
NO  +  0,  while  the  NO^  (  B^)  which  is  proouced  in  the  major  primary 
photooissociation  process  does  not.  On  the  basis  of  this  assumption,  we 
have  been  able  to  calculate  very  good  fits  to  all  of  the  N0+  ana  0+  data 
and  at  the  same  time  rationalize  (roughly)  the  observed  percentage  of  NO,, 
undergoing  secondary  photodissociation  and  the  very  weak  power-dependence  of 
the  secondary  photodissociation  signal. 
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E.  Polarization  Dependence  Measurement 

The  dependence  of  the  CH*  signal  on  the  polarization  of  tne  laser 
was  measured  at  the  lower  pnoton  flux  of  -  1  x  10*7  photons/cm2  in  the 
effusive  molecular  beam  apparatus.  Tne  result  was  an  anisotropic  distribu¬ 
tion  shown  in  Fig.  13.  Each  point  is  tne  integrated  fast  portion  of  the  TOF 
signal.  Tne  angular  aistriDution  was  fit  to  the  equation: 

1(e)  «  1  +  2bP2(cos  e  -  eQ)  (6) 

by  a  least  squares  method,  b  »  -0.3  *  0.1  ana  eQ  =  14  ±  5°  gave  the  best 
fit.  To  nominally  transform  from  tne  laboratory  to  the  center  of  mass  frame 
of  the  molecule  a  eQ  =  8*  was  expected  as  calculated  from  the 
molecular  beam  velocity  ano  the  average  speed  of  the  methyl  radical.  This 
agrees  roughly  with  the  measured  shift  of  14  *  5‘  in  this  distribution. 
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DISCUSSION 

A.  Tne  Nature  of  the  Excited  State  of  Nitrometnane 

A  simple  molecular  orbital  picture  for  the  *  electron  structure  of  the 
nitro  group  in  nitromethane  was  given  by  Nagakura.2  The  orbitals  and 
their  symmetries  (assuming  C2v  for  the  nitro  group)  are: 


'2: 

*0 

=  0.7133 

N  +  0.7009 

(0i 

+  o2)//r 

(7) 

l2: 

*1 

-  tox  - 

0  2)i/r 

(8) 

'r 

*2 

=  0.7009 

N  -  0.7133 

+  o2)//r 

(9) 

The  2pw  atomic  orbitals  for  the  nitrogen  and  two  oxygen  atoms  are  designated 
by  N,  Oj  and  O2.  In  the  ground  state,  the  b2  and  a2  orbitals  are 
fillea,  and  the  symmetry  is  A^.  The  transfer  of  an  electron  from  a^  to 
b^  is  believed  to  be  responsible  for  the  strong  peak  in  the  absorption 
spectrum,  near  wnich  tne  ArF  laser  is  exciting.  This  excited  state 
configuration  has  8^  symmetry  and  the  transition  is  therefore  polarized  in 
the  molecular  plane  perpendicular  to  the  C-N  bond.  More  refined 
calculations  ’  agree  with  this  assignment  of  the  198  nm  transiton  as 
^B2  *  *A1’  thou9h  3  controversial  assignment  of  the  transition  to  a 
n r*  «  a  (^  4  *A^)  has  been  proposed  by  Rabelais. 

Assuming  tne  »*  «  »  assignment  is  correct,  tne  electronic  excitation  is 
localized  on  the  NO^,  group  and  the  dissociation  would  not  be  expected  to 
proceeo  as  a  airect  dissociation  from  the  excited  electronic  state.  The 
n*  4  it  state  must  be  predissociated  by  an  electronic  state  repulsive  in  the 
C-N  bono  or  by  a  lower  bound  electronic  state  above  its  dissociation  limit. 
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Tne  repulsive  electronic  state  described  briefly  by  Harris  could 

predissociate  the  ^B.,  state  in  C$  and  would  correlate  to  ^B,, 

excited  state  NC^  product.  This  would  be  consistent  with  the  emission 

studies  as  will  oe  discussed.  Tne  predissociation  is  expectea  to  be  fast  as 

indicated  by  the  lack  of  structure  in  the  absorption  spectrum.  The  lack  of 

strong  anisotropy  in  tne  angular  distribution  could  result  from  a 

combination  of  many  factors:  rotation  of  the  excitea  molecule  through  a 

non-negligible  angle  between  the  excitation  and  dissociation  process,  the 

excitation  of  out-of-plane  or  antisymmetric  stretching  modes  of  the  NO^ 

group,  or  participation  of  another  electronic  state  in  the  absorption  with  a 

parallel  transition  moment. 

This  paper  has  presented  two  different  measurements  of  the  anisotropy 
parameter,  b.  In  the  experiment  performed  on  an  effusive  molecular  beam  of 
nitromethane  with  a  low  photon  flux,  b  =  -0.3  *  0.1  was  measured  consistent 
with  the  perpendicular  assignment  of  the  transition.  In  the  experiment 
performed  at  high  photon  flux  with  a  supersonic  molecular  beam,  the  c.m. 
angular  distribution  was  determined  to  be  nearly  isotropic,  b  =  0  ~  -0.1. 
Assuming  no  experimental  error  and  admitting  tne  uncertain  statistics  of  the 
first  measurement,  what  differences  between  the  two  experiments  could  have 
caused  the  discrepancy?  An  accepted  difference  between  supersonic  and 
effusive  molecular  experiments  is  that  the  rotation  of  the  parent  molecule 
in  an  effusive  expansion  is  not  relaxed,  while  it  is  to  some  degree  in  a 
supersonic  expansion,  so  the  rotation  of  the  parent  molecule  after 
excitation  but  before  dissociation  will  smooth  the  angular  distribution  of 
photofragments  more  in  an  effusive  experiment.  Here,  however,  the 
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supersonic  expansion  gives  the  more  smoothed  angular  distribution,  so  this 
cannot  explain  the  difference  between  the  two  measurements.  A  possible 
explanation  for  the  differing  measurements  may  result  from  the  aifference  in 
photon  flux  in  the  two  experiments  assuming  that  the  internal  rotation  of 
the  nitromethane  molecule  has  relaxed  in  the  supersonic  expansion.  Ling  and 
Wilson  nave  shown  that  tor  linear  molecules,  saturation  of  tne  parallel 
or  perpendicular  transitions  by  high  photon  fluxes  causes  a  smearing  of  the 
measured  angular  distribution  of  photofragments.  They  point  out  that  the 
effect  is  particularly  small  for  perpendicular  transitions  as  here  the 
dipole  moment  vector  is  anywhere  in  a  plane  perpendicular  to  the 
dissociating  bona.  In  t he  case  of  nitromethane,  however,  if  the  internal 
rotation  of  the  N02  with  respect  to  the  CH^  group  is  relaxeo,  tne  dipole 
moment  vector  which  is  perpendicular  to  tne  N02  plane  is  no  longer  defined 
by  the  entire  plane  perpendicular  to  the  C-N  bona.  The  overall  rotation  of 
the  CH^NO^  molecule  will  not  bring  the  dipole  moment  vector,  y,  in 
perfect  alignment  with  the  electric  field  vector,  E,  for  a  significant 
fraction  of  the  molecules,  yet  these  molecules  will  be  dissociated  with  near 
unit  probability  at  very  high  values  of  photon  flux  along  with  those 
molecules  whose  y  becomes  parallel  with  E  during  the  molecules'  rotation. 

The  result  is  a  more  isotropic  angular  distribution  of  photofragments.  This 
explanation  may  partially  account  for  tne  more  isotropic  angular 
distribution  measured  on  the  supersonic  molecular  beam  experiment  at  the 
high  pnoton  flux. 
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B.  Dynamics  of  the  Dissociation 

Conservation  of  energy  allows  us  to  write  an  expression  for  the 
partitioning  of  energy. 


'avai 1 


=  hv  +  EP  .  -  D  (R  -  NO.,) 
int  o  L 


E  +  E  +  E  +  E 
E  T  V  R 


(10) 


where  the  available  energy,  E  consists  of  the  photon  energy,  hv, 

a Va  i  I 

p 

plus  the  internal  energy  of  the  parent  molecule,  Eint,  minus  the 
energy,  D^R-NO?),  required  to  break  the  C-N  bona.  This  energy  is 
partitioned  into  tne  translational,  rotational,  vibrational,  and  electronic 
degrees  of  freedom  of  the  fragments.  An  upper  limit  for  the  vibrational 
energy  of  the  parent  molecule  would  assume  no  relaxation  of  the  vibrational 
modes  in  the  supersonic  expansion  and  may  be  ca ley!* ted  from  known 
vibrational  frequencies^5  of  nitromethane  for  the  240”C  nozzle 
temperature;  this  gives  2.1  kcal/mole  vibrational  energy.  As  rotational 
relaxation  is  believed  to  follow  translational  relaxation  ana  the  velocity 
distribution  of  the  nitromethane  indicates  translation  has  relaxed  to  <30°K, 
we  will  assume  no  significant  contribution  to  the  available  energy  from  the 
overall  rotations  of  the  molecule  or  the  one  near  free  rotation  about  the 
C-N  bond.  As  the  translational  energy  distribution  has  been  measured,  the 
combined  vibrational,  rotational,  and  electronic  energy  of  the  fragments  can 
be  inferred.  These  two  studies,  in  addition,  have  given  information  on  the 
electronic  energy  of  the  products  and  the  partitioning  of  internal  energy 
between  the  CH^  and  NOj  fragments,  as  will  be  discussed  below. 
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i.  Fluorescence  Emission  studies 

Let  us  first  consider  the  electronic  state  of  the  excited  state  NO,, 
proouct.  Tne  spectroscopy  and  theory  of  N02  is  reviewed  in  the  first 

p  £ 

chapter  of  the  spectral  atlas  of  Hsu  et  al.  The  ground  state  is 

?  2 
designated  as  X*  and  the  three  lowest  excited  states  are  A  8^, 

8  2b1  and  C  2A2«  The  nearness  of  these  states  causes  mixing  of  the 

vibrational  levels  by  vioronic  coupling,  Jahn-  and  Renner-Tel ler  ana  spin- 

orbit  interactions.  As  a  result  most  of  the  spectrum  of  NO^  has  yet  to  be 

analyzed.  Lifetime  measurements  have  yielded  a  large  number  of  different 
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values  depending  on  the  excitation  used.  When  excited  at  593.3  nm 

30 

two  lifetimes  were  observed  which  Stevens  et  al.  have  attributed  to  the 
2B^  state  (30  *  b  ys)  and  the  2B^  state  (115  *  10  ys).  Our 
measurement  of  35  *  b  yS  is  not  intended  to  be  yet  another  value  for  the 
lifetime.  All  that  can  be  said  is  that  the  lifetime  falls  within  the  range 
reported  and  that  the  excited  N02  state  that  is  formed  is  probably  in  tne 
state.  Tne  fluorescence  studies  do  not  eliminate  the  possibility 
that  some  of  the  NO^  product  is  formed  in  the  ground  state  or  the 

p 

non-f luorescing  A2  state.  If  according  to  the  majority  of  theoretical 

and  experimental  results  (ana  consistent  with  our  angular  distribution) 

nitrometnane  is  excited  to  the  ^  state  at  193  nm,  then  the  products 

N02(a282)  +  LH-j  (X2A^)  have  the  same  overall  symmetry.  It  is  also 
2 

Delieved  that  the  B2  state  of  N02  is  responsible  for  most  of  the 
visible  emission. 

The  emission  spectrum  has  been  studied  by  a  number  of  workers.  When 
NU2  is  directly  excited  oy  a  single  wavelength,  a  discrete  structure  is 
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•3? 

observed  superimposed  on  a  broad  continuum.  Sakurai  and  Broida  measured 

the  ratio  of  discrete  to  continuous  emission  as  a  function  of  excitation 

energy  and  found  that  the  continuum  emission  increased  with  increasing 

energy.  In  a  series  of  studies  Kaufman  et  al.^’^3  eXpiainea  the 

sharpness  as  due  to  emission  from  levels  initially  populated  whereas  the 

continuum  is  due  in  part  to  collisional  relaxation  to  a  large  number  of 

other  radiating  levels  and  in  part  to  an  inherent  property  of  NO^  in  the 

absence  of  collisions.  The  lack  of  any  discrete  features  in  the  emission 

spectra  of  Fig.  6  implies  that  the  N02  is  formed  very  high  up  in  the 

2 

vibrational  manifold  of  the  B2  state  where  the  spacing  between  levels 
is  smaller.  That  the  N02  is  vibrational ly  hot  is  consistent  with  the  low 
average  translational  energies  found  for  the  fragments. 

II.  Molecular  Beam  Studies 

The  analysis  has  shown  that  the  primary  process  in  the  photodissocia¬ 
tion  of  nitromethane  at  193  nm  is  cleavage  of  the  C-N  bond  to  yiela  CH^ 
and  N02  radicals  and  that  there  are  two  distinct  mechanisms  for  formation 
of  these  chemical  products.  The  data  further  suggests  that  a  significant 
(>10  percent)  fraction  of  the  NO^  product  formed  in  the  dominant  mechanism 
retains  72  kcal/mole  of  internal  energy  or  more  and  dissociates  to  NO  +  0, 
as  evidenced  oy  the  apparent  loss  of  the  slow  N02  proauct  depicted  in  Fig. 

4.  This  interpretation  is  supported  by  the  emission  studies  of  the  NO^ 
product  from  the  photodissociation  of  the  series  of  nitroalkanes,  which  also 
indicate  that  much  of  the  total  available  energy  is  retained  as  internal 
energy  of  the  excited  state  N02.  it  is  further  supported  by  the 
observation  of  NO^  fluorescence  near  the  dissociation  limit  to  NO  +  0. 
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The  molecular  beam  study  does  not  identify  the  electronic  state  of  the 

proaucts,  but  it  is  consistent  with  a  large  fraction  of  the  NO^  product 

2 

being  formed  in  the  state.  The  total  available  energy  for  product 
translational  +  internal  energy  is  90  kcal/mole.  As  the  largest  amount  of 
energy  that  goes  into  translational  energy  in  the  dissociation  process  is  44 
kcal/mole,  the  major  fraction  of  the  UO^  product  contains  much  more 

.  O 

internal  energy  than  tne  electronic  energy  of  the  6^  state, 
particularly  considering  the  evidence  that  tne  alkyl  group  carries  away 
little  internal  energy. 

If  one  assigns  the  main  feature  of  the  product  translational  energy 

O 

distribution  snown  in  Fig.  4  to  production  of  N02  in  the  excited 
state  and  subtracts  the  electronic  energy,  »  27.9  kcal/mole17,18,  of 
the  B2  state  from  the  total  available  energy,  then  the  average  fraction 
of  the  modified  total  available  energy,  E*vail  =  Eavail  -  EE,  that 
goes  into  translation  is: 


ET  (13.4  +  16.2) 

T  =  7* -  =  2(90-27.9) 

avai  1 


0.24  ±  0.02 


(ID 
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The  major  uncertainty  in  fy  is  in  the  approximation  of  Ey  for  tne 
major  primary  process.  It  is  certainly  lower  than  16.2  kcal/mole,  the  Ey 
for  the  product  distribution,  because  the  slow  NC^^B^) 

product  has  undergone  unimoiecular  decomposition,  and  it  is  larger  than  13.4 
for  the  CH^  distribution,  as  here  the  low  translational  energies 
from  the  2  kcal/mole  mechanism  are  included,  so  the  true  Ey  for  process 
(2)  lies  between  these  limits.  Here  we  taxe  the  average  and  state  the 
uncertainty  due  to  these  considerations.  Thus,  the  average  translational 
energy  release,  ~15  kcal/mole,  is  only  24  percent  of  the  total  available 
energy  minus  electronic  energy,  leaving  a  large  fraction,  47  kcal/mole,  for 
excitation  of  rotation  and  vibration  of  the  CH^  and  NO^  fragments. 

Some  characteristics  of  the  excitation  and  dissociation  suggest  how 
this  vibrational  and  rotational  energy  might  be  partitioned  in  the  NU?  ana 
CH3  fragments.  First,  if  the  symmetry  of  the  ground  state  is  preserved  in 
the  excitea  state,  little  rotational  angular  momentum  will  be  generated 
during  the  separation  of  the  fragments  CH^  and  Nl^.  Secona,  the  change 
in  geometry  of  the  CH^  group  from  near  tetrahedral  to  near  planar  might  be 
expected  to  excite  the  symmetric  bend  of  the  methyl  radical,  but  only  by  2-3 
quanta  if  analogy  is  made  with  the  recent  experiments  on  the 
photoaissociation  of  Thus,  most  of  the  internal  excitation 

will  be  found  in  the  N02  fragment.  Tne  initial  absorption  of  a  photon  by 
the  fiU2  group  might  be  expectea  to  excite  the  bend  and  symmetric  stretch 
of  the  NO^  group  in  the  ^  state  as  this  woula  be  the  case  for  * 
electron  excitation  in  free  NC^.  The  geometry  of  the  X  state  of 

nitromethane  is  given  by  Cox  and  Waring^®  as  <NCH  =  107.2“,  <0N0  *  125.3“ 
and  N-U  *  1.224  A;  the  ^b2  excited  state  geometry  has  not  been  calculated 


30 


to  our  knowledge.  The  bond  angles  and  lengtns  for  ground  ^  NO,,  are 
134“  and  1.40  A  as  compared  to  the  theoretical  values  of  102“  and  1.26  A  for 
the  2b2  state.37 

Though  much  information  on  the  dominant  dissociation  mechanism  of 
nitromethane  has  been  derived  from  these  experiments,  only  a  few  facts  have 
been  learned  about  the  minor  pathway.  A  possible  explanation  for  a 
translational  energy  distribution  that  peaks  sharply  at  such  low  energies 
might  be  internal  conversion  and  dissociation  from  the  ground  electronic 
state  of  nitromethane  to  ground  state  products.  This  channel  would  be 
expected  to  release  a  much  smaller  fraction  of  the  total  available  energy  to 
translation  than  the  dominant  process  of  predissociation  of  the  *  »  n* 
state,  presumably  by  a  surface  that  is  repulsive  in  the  C-N  bond  correlating 
to  excited  state  NO^.  If  this  ground  state  NU2  product  absorbed  a  193 
nm  photon,  it  could  be  brought  to  the  upper  2B2  state  of  NC>2  which  is 
tnought  to  correlate  to  NO  +  O^D)  at  117  kcal/mole.38  This  is 
consistent  with  the  angular  distribution  of  fast  NO  and  0  photofragments 
which  resulted  from  a  parallel  transition,  and  with  the  maximum  transla¬ 
tional  energy  release  for  the  secondary  dissociation  being  less  than  the 
total  available  energy  of  -119  kcal/mole  Ll48(hv)  +  I48(hv)  -60(C-N) 

— 1 17( ON— 0 ( ) ) ] .  This  explanation  is  not  completely  satisfactory  for  two 
reasons.  First,  dissociation  from  the  ground  state  might  be  expected  to 
nave  a  translational  energy  distribution  peaking  at  zero  kcal/mole  if  there 
were  no  barrier  to  dissociation.  Second,  it  is  not  clear  to  us  why  the 
proposed  ground  state  product  for  the  minor  channel  would  differ  in  its 
cross  section  for  absorption  of  a  193  nm  photon  from  the  B2  NQ2 
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product  from  tne  major  channel  because  these  two  electronic  states  are  so 
strongly  mixed  at  high  internal  energies.  This  dynamically  distinct 
mechanism  for  producing  CH^  and  NO2  radicals  requires  further 
investigation. 
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APPENDIX  I:  COMPARISON  OF  EXPERIMENTAL  AND  CALCULATED  CH3;NQ2  RATIOS 

The  true  experimental  CH3:N02  ratio  at  laboratory  angle  0  is 
related  to  the  observed  CH3:N0+  ion  signal  ratio  according  to 

V3’  .  NcH3<0)  .  "lon(N02>  .  f(N0>°2>  , 

*^!eT  7-n^T  TTCTI-1TB7) 

where  on ( N02 )  is  the  ionization  cross  section  of  N02,  f(N0+|N02) 

is  the  fraction  of  those  N02  radicals  which  are  ionized  which  give  N0+, 
and  similarly  for  <*ion(CH3)  and  f(CH3|CH3).  At  0  =  40* ,  the 
observed  CH3  and  N0+  signal  levels  were  0.30  and  0.98  counts/pulse, 
respectively.  (We  will  ignore  the  contribution  of  NO  radicals  from  secondary 
N02  pnotoaissociation  to  the  N0+  signal,  since  this  contribution  (-20 
percent)  is  small  compared  to  errors  involved  in  the  determination  of  the 
radical  fragmentation  patterns,  as  will  oe  discussed  below.) 

The  ionization  cross  sections  were  estimated  using  the  following 
empirical  correlation  between  peak  ionization  cross  section  and  the 
polarizability3^ 

°ion  =  36/®~  "  18* 

where  oi0n  and  a  are  in  units  of  A2  and  A3,  respectively.  Molecular 
polarizabilities  were  approximated  as  the  sum  of  the  atomic  polarizabilities. 
This  is  expected  to  be  a  good  approximation  except  in  the  case  of  highly 
polarizable  one-electron  atoms  such  as  h  or  the  alkalis)  where  the  atomic 
polarizabi 1 ity  tends  to  overestimate  the  contrioution  to  the  molecular 
polarizability.  This  is  illustrated  by  the  fact  tnat  the  polarizabilities 
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of  atomic  ana  molecular  hydrogen  are  nearly  equal.  Therefore,  for  H,  we 

took  aH  =  (1/2)<*H  =  0.3.  The  values  of  the  otner  atomic 

polarizabilities  were  taken  from  Ref.  40:  ar  =  1.8,  a..  =  1.1,  = 

i  N  ’O 

0.8.  Thus,  a-| on(CH3)  =  41,  °-j0n( N02)  =  41.  (If  aH  is  usea 
insteaa  of  (l/2)a^  to  calculate  the  contribution  ot  H  to  the  CH^ 
polarizability,  ajon(CH^)  increases  to  50.  This  aifference  is 
negligible  at  the  present  level  of  comparison.) 

Methyl  radicals  fragment  mainly  to  give  CH*,  CH*  ana  CH+  in 
the  ionizer.  We  measurea  the  following  signal  ratio  in  our  experiment: 


m/e  =  15:14:13  =  100:167:43. 


The  m/e  =  15  and  13  TOF  distributions  look  ioentical.  Therefore  all  of  the 
m/t;  =  13  signal  is  due  to  CH+.  However,  the  TOF  distribution  at  m/e  =  14 
clearly  shows  contributions  from  both  CH^  (as  CH*)  ana  N02  (as 
N  ).  Unfortunately  the  aata  quality  at  m/e  =  14  is  quite  poor,  due  to 
hign  aetector  background  at  tnis  mass.  We  estimate  roughly  that  only  1/3  of 
the  m/e  =  14  signal  is  due  to  CH^.  (This  is  the  weakest  point  in  this 
analysis.)  Then,  CH*;CH2:CH+  *  100:56:43,  ana  f (CH^  |CH3)  =  0.50. 

N02  radicals  fragment  mainly  to  NQ+,  0+  and  N+.  (The  NO* 
signal  is  10-20  times  lower  than  the  N0+  signal  and  may  be  safely 
ignored.)  We  measured 

CH^:N0+:0+  = 


15:100:29. 


Using  this  aata,  togetner  with  the  assumption  that  2/3  of  the  m/e  *  14 
signal  is  due  to  N02,  we  obtain  the  following  NC^  fragmentation  pattern: 

N0+:0+:N+  =  100:29:16. 


This  gives  f(N0+|N02)  =  0.69. 

The  experimental  ratio  at  40°  is  therefore 


(40°) 


0.30  41  0.69 

0.98  x  41  x  0.50 


0.42. 


If,  at  the  other  extreme,  all  of  the  m/e  =  14  signal  is  ascribed  to 
CH2,  we  get  f (CH3  |CH3)  =  0.32,  f(N0+|N02)  =  0.78,  and 


(40°) 


(40  ) 


0.75. 


The  theoretical  CH^:N02  ratio  at  any  angle  is  automatically 
calculated  by  the  c.m.  »  LAB  transformation  program  using  the  CH^  and 
N02  PUTs  for  CH^  and  N02,  respectively.  Tne  two  P { E 1 ) 1  s  must  be 
normalized  as  shown  in  Fig.  4  (to  properly  take  into  account  the  loss  of 
slow  N02).  Tne  details  of  the  general  calculation  are  revieweo  in 
Appendix  B  of  Ref.  41.  The  result  is 


t 
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N 


N 


(40s) 


0.63. 


The  experimental  ana  calculated  CH^iNC^  ratios  agree  reasonably 
well.  (If  anything,  the  experimental  CH3:N02  ratio  is  too  small, 
indicating  "too  much"  NO^  relative  to  CHj.)  Therefore,  we  cannot  assume 
that  a  large  fraction  of  the  total  NO2  primary  product  undergoes  secondary 
pnotodissociation.  This  result  forms  the  basis  for  the  assumption  that  it 
must  De  the  slow  NO^  formed  in  the  minor  primary  pnotodissociation  process 
[wnicn  gives  rise  to  tne  blip  in  the  CH^  P ( E 1 ) j  which  is  responsible  for 
the  strongly  saturated  secondary  photodissociation  signal. 


J 
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APPENDIX  II:  CALCULATION  OF  FITS  TO  NO*  AND  0*  DATA. 

Tne  contribution  of  N02  to  the  NQ+  ana  0+  data  is  calculated 
using  tne  NO2  P(E’)  shown  in  dashed  line  in  Fig.  4  ana  the  nitromethane 
beam  velocity  distribution  for  the  distribution  of  c.m.  velocities.  We  want 
to  fit  the  shoulders  in  the  N0+  and  0+  TOF  distributions  by  aojusting 
the  P(E')  and  anisotropy  parameter  for  the  secondary’ photodissociation 
reaction: 

N02  *  NO  +  0,  (5) 

and  varying  the  contributions  of  NO  and  0  relative  to  N02>  Strictly 
speaking,  when  calculating  the  laboratory  angular  and  TOF  distributions  of 
NO  and  0,  we  should  use  the  laboratory  number  density  angle-velocity 
distribution  of  the  primary  N02  product  in  place  of  the  nitromethane  beam 
velocity  distribution  to  represent  the  distribution  of  c.m.  velocities. 

Here  we  are  assuming  that  only  the  slow  NQ2  produced  via  the  minor  primary 
dissociation  pathway  undergoes  secondary  photodissociation.  This  N02  is 
concentrated  in  a  fairly  narrow  cone  about  the  original  nitromethane  beam 
direction.  Since  much  more  translational  energy  is  released  in  the 
secondary  reaction  (5)  than  in  the  minor  primary  dissociation  reaction,  the 
calculated  NO  and  0  angular  and  TOF  attributions  are  insensitive  to  the 
details  of  the  energy  release  in  the  primary  reaction.  In  the  fits  to  be 
presentea  below,  we  simply  approximated  the  parent  N02  c.m.  velocity 
distribution  for  reaction  (5)  by  the  nitromethane  beam  velocity.  We  will 
not  justify  this  approximation  in  aetail  here,  but  it  is,  in  fact,  a  very 
good  approximation  in  this  case. 
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The  relative  contributions  of  NO,,  anu  NO  to  tne  NO  signal  shoulo 
oe  given  by 


a.  (NO) 
ion'  ' 


NiVU+i0,t)  =  NNO,/0,t)  +  C  *  aionlN(V  *  ^(N0T|N02)  ’lW0’t)’ 


wnere  N^q  (0,t)  is  calculated  from  tne  NO.,  P(E')  in  dasneo  line  in 
Fig.  4,  using  an  isotropic  c.m.  angular  distribution,  and  ^(Q.t)  is 
calculated  from  a  P(E')  and  anisotropy  parameter  describing  reaction  (5). 
e  is  tne  ratio  of  the  fraction  of  N0£  which  undergoes  secondary  photo¬ 
dissociation  to  the  traction  of  NO,,  which  survives.  (For  other  notation, 
see  Appendix  I.)  Similarly,  the  relative  contributions  of  NO,,,  NO  and  0 
to  the  u+  signal  should  be  given  by 


NQ+(0,t)  =  Nnq  (0,t)  + 


°ion(N02)*f(0  lN02)> 

[«ion(N0)  *  f^0+lN°)  *  NNO(0’t}  +  aion(0)  *  NO(0»t)]' 


We  began  by  adjusting  the  P(E')  for  reaction  (5)  to  fit  the  shape  of 
the  shoulder  in  the  NQ+  TOF  at  40’  (assuming  b  =  0).  We  obtained  a  good 
fit  witn  the  P v E ' J  snown  in  Fig.  14,  which  has  a  mean  translational  energy 
of  31  kcal/mole.  However,  using  this  P(E')  and  b  =  0,  the  NO^rNO  ratio 
which  gave  a  good  fit  to  the  magnitude  of  the  should er  at  40’  aid  not  give  a 
good  fit  to  the  shoulder  heights  at  smaller  angles;  the  calculated  snoulders 
were  too  small  at  10°  ana  25°.  To  compensate  for  this,  a  positive  anisotropy 
parameter  for  reaction  (s)  was  required.  The  best-fits  to  the  NU+  TOF 
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data  shown  in  Fig.  15  were  calculated  using  the  P(E')  in  Fig.  14,  b  *  -KJ.5, 
ano  tne  following  N02:N0  ratio: 

Njyo+(®>t)  *  ^ ^  ^^q(Q»^)- 

Therefore  it  appears  that  the  seconoary  photodissociation  of  NO^  occurs 
via  a  parallel  transition.  From  the  empirically  determined  NO^iNO  ratio 
we  have: 


e 


"ion™ 

‘ion^ 


f  ( N0+ 1  NO ) 
f(N0lN02) 


0.3, 


or 

e  •  f ( N0+ | NO )  =  0.27. 


Tne  corresponding  fit  to  the  measured  N0+  laboratory  angular  distribution 
is  shown  in  Fig.  16. 

To  consistently  fit  the  0+  TOF  Distribution,  we  must  use  the  same 
P(E')  and  anisotropy  parameter  for  reaction  (5),  ana  an  N02:N0:0  ratio 
which  is  constrained  by 


N0+(O,t)  -  NNo2(0,t)  +  3.84  c  •  f(0+jN0)  •  «NO(0,t) 

+  1.72  c  •  Nol0,t), 
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where  we  have  used  the  NC^  fragmentation  pattern  and  ionization  cross 
sections  specified  in  Appendix  I. 

Unfortunately,  we  nad  no  way  of  determining  the  NO  fragmentation 
pattern  in  this  experiment.  At  first  we  assumed  that  f^0*|N0;  = 
l-f(N0+|NQ)  (i.e.,  all  NO  is  ionized  to  eitner  NQ+  or  0+).  However, 
using  tnis  assumption,  we  could  not  get  a  satisfactory  fit  to  the  0+ 
shoulder  for  any  value  of  e  (tne  NO  contribution  was  always  too  large 
compared  to  the  0  contribution).  Evidently,  some  of  the  NO  also  fragments 
to  N+  in  the  ionizer.  By  arbitrarily  assuming  that.  f(0+|N0)  = 
i  /  2:  l  1-f  t  NO^  |  NO )  ] ,  we  were  aDle  to  obtain  tne  fit  to  the  0+  data  shown  in 
Fig.  17,  using  the  value  e  =  0.50.  This  e  value  implies  that  1/3  of  the 
total  N02  primary  product  (less  that  fraction  whicn  spontaneously 
decomposes;  unoergoes  secondary  pnotodissociation. 

The  area  under  the  CH^  P(E')  in  Fig.  4  is  36  percent  larger  than  the 

area  under  tne  NG-,  P(E')-  If  all  of  this  36  percent  difference  were  due 

to  NO^  wnicn  undergoes  secondary  photodissociation  there  would  be  almost 

perfect  agreement  with  the  e  value  deduced  above.  However,  part  of  the  36 

percent  difference  is  undoubtedly  due  to  spontaneous  unimolecular  decay  of 
o 

not  NO^  (  B^)  produced  in  the  major  primary  dissociation  process.  Therefore, 
the  value  e  -  U.5u  is  a  bit  on  the  high  side.  Still,  given  the  guesswork 
involved  in  tne  above  analysis,  we  do  not  feel  that  this  discrepancy  is 
fatal.  (If,  on  the  other  hand,  we  had  deduced  a  value  of  e  >  1,  we  would 
have  been  compelled  to  abandon  the  hypotnesis  that  the  secondary  photo- 
oissociation  signal  is  due  to  NO^  produced  in  the  minor  primary 


dissociation  process.) 


Tne  spontaneous  aecay  of  hot  NG^  from  the  major  primary  dissociation 
process  is  also  reflected  in  the  N0+  and  0+  TOF  distributions  at  small 
angles.  The  hottest  NC^  is  formed  in  low  recoil  energy  events,  ana,  in 
the  laboratory,  should  appear  near  the  molecular  beam  velocity.  The  flight 
time  corresponding  to  the  nominal  c.m.  (CH^NO^)  is  —150  usee.  The 
actual  N0+  and  0+  TOF  data  is  smeared  out  in  the  vicinity  of  the  c.m. 
velocity,  due  to  spontaneous  decay  of  tne  nottest  NO^.  The  smearing, 
however,  is  not  too  severe,  suggesting  that  even  the  hottest  N0^  radicals 
are  not  too  far  above  the  N0(^n)  +  0(^P)  dissociation  limit.  (Recall 
tnat  the  maximum  possible  lYO^  excess  energy  is  18  kcal/mole.) 


Table  1.  Power  dependence  of  the  relative  shoulder  intensity  in  the  N0+ 

r _ _  /s  <  a® 


TOF 

spectrum  at  3  =  40* . 

Pulse  Energy 
(mJ) 

Pnoton  Flux7 
(photons/cm2_pulse) 

Laser  Intensity* 
(MW/cm2) 

5(15-35! 
S(  36-12C 

I 

3T  *  o 

0.7* 

1.7  x  1016 

1.3 

0.045  * 

0.008 

2.0 

4.9  x  1016 

3.6 

0.049  * 

0.005 

3.3* 

8.0  x  1016 

5.9 

0.047  * 

0.005 

20 

4.9  x  1017 

36 

0.062  * 

0.003 

33* 

8.0  x  1017 

59 

0.067  * 

0.003 

*These  measurements  correspona  to  the  data  shown  in  Fig.  12. 

^Calculated  assuming  a  4  mm2  laser  spot  size  at  the  molecular  beam  and  a 
14  ns  laser  pulse  duration. 
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FIGURE  U/tPTIONS 

Fig.  1.  Some  energetically  allowed  dissociation  channels  of  CH2NO2 
excited  at  193  nm.  aH^qq  values  were  calculated  from 
AHf30U  va^ues  tabulated  in  S.W.  Benson,  Thermochemical 
Kinetics,  2no  ea.  (John  Wi ley  ana  Sons,  New  York,  1976),  or 
estimated  using  Benson's  rules.  Only  ground  electronic  state 
proaucts  are  snown;  NO  may  De  produced  in  either  spin  orbit  state 

and  NO,,  may  be  formed  in  the  X^A^,  A2B2,  B2Bp  or 

2 

C  A^  states. 

Fig.  2.  TOF  distributions  of  m/e  =  15,  CH^,  at  three  angles  to  the 

molecular  beam.  •  Experimental  points,  -  best  fit 

calculated  using  the  solid-line  P(E')  in  Fig.  4  and  b  =  0. 

Fig.  3.  Laboratory  angular  distribution  of  the  CH*  signal.  •  Experi¬ 
mental  points.  Error  bars  represent  plus  or  minus  one  standard 

deviation  of  tne  statistical  counting  error;  -  calculated 

using  tne  solid-line  P(E‘)  in  Fig.  4  ana  b  =  0. 

Fig.  4.  Lenter-of-mass  translational  energy  distributions  for  the  products 
of  the  primary  photodissociation  reaction  CH^NC^  *  CH^  + 

NO,,.  - Derived  from  CH^  angular  and  TOF 

distributions;  -  derived  from  NO*  TOF  distributions. 

The  uncertainty  in  fitting  tne  feature  at  -100  nsec  in  the 
OH*  TOF  distributions  (Fig.  2)  is  represented  by  the  shaded 
area  near  2  kcal/mole  in  the  solid-line  P(t').  The  top  border  of 
the  grey  area  fits  the  10°  TOF  perfectly;  the  lower  border  fits 
the  40*  TOF  well. 
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Fig.  5.  Fluorescence  decay  of  NO^  from  the  photolysis  of  nitromethane. 

Fig.  6.  Dispersed  fluorescence  due  to  electronical ly  excited  NO^  from 

the  photolysis  of  nitromethane  at  193  nm.  The  dissocition  limit 
shown  is  for  N02  »  NO  +  Q(^P). 

Fig.  7.  Dispersed  fluorescence  of  NO*  formed  by  the  photodissociation 
of  R-NO.,.  The  spectra  are  unchanged  for  the  four  different  R 
groups  ((CH^CNO^  is  not  shown). 

Fig.  8.  Dispersed  fluorescence  from  the  photolysis  of  nitromethane  by  a 
focused  193  nm  laser. 

Fig.  9.  TOF  distributions  of  m/e  =  46,  NO*,  at  three  angles  to  the 

molecular  beam.  •  Experimental  points;  -  best  fit  calcu¬ 

lated  using  the  dashed-line  P(E')  in  Fig.  4,  assuming  b  =  0. 

Fig.  10.  TOF  distributions  of  m/e  »  30,  NO*,  measured  at  three  angles  to 
the  molecular  beam.  Fits  are  shown  in  Appendix  II,  Fig.  15. 

Fig.  11.  TOF  distribution  of  m/e  =  16,  0*,  measured  at  10°  from  the 
molecular  beam.  Fits  are  shown  in  Appendix  II,  Fig.  17. 

Fig.  12.  NO  TOF  distributions  measured  at  tnree  laser  pulse  energies. 

All  tnree  distributions  were  measured  at  0  =  40°  and  have  been 
normalized  to  the  same  peak  height. 

Fig.  13.  Angular  distribution  of  the  methyl  radicals  formed  by  the  photo¬ 
dissociation  of  nitromethane  at  193  nm  in  the  effusive  molecular 
beam  apparatus.  The  solid  curve  is  tne  best  fit  to  the  equation 
1(e)  =  A[1  +  2bP2(cos( e-eQ) ) ]  using  b  =  -0.30  and  eQ  =  14°. 

Fig.  14.  Approximate  form  of  the  center-of-mass  product  translational 

energy  distribution  for  the  secondary  photooissociation  reaction 
h02  *  NO  +  0. 
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Fig.  15.  TOF  distributions  of  NQ+.  •  Experimental  points  (same  as 

Fig.  10);  -  best  fit,  obtained  by  adding  the  individual 

contribution  of  NO2  (— - )  ano  NO  ( —  -)  to  the  N0+ 

signal.  The  NO^  contribution  was  calculated  using  the 
dashed-line  P(E')  in  Fig.  4  and  b  =  0.  The  NO  contribution  was 
calculated  using  tne  P(E')  in  Fig.  14  ana  o  =  +0.5.  Spontaneous 
unimolecular  decay  of  hot  NOg  was  neglected. 

Fig.  16.  Laboratory  angular  distribution  of  the  N0+  mass  spectrometer 

signal.  «  Experimental  points;  -  fit  obtained  by  adding 

the  individual  contributions  of  NO.,  and  NO  shown  in  dashed 
lines.  The  relative  contributions  of  NO,,  and  NO  to  the  total 
was  kept  the  same  as  for  the  fits  of  the  TOF  distributions  of 
N0+  v Fi g .  15).  (For  the  experimental  points,  ±2o  error  bars  are 
rougnly  the  size  of  the  dots  shown.) 

Fig.  17.  TOF  distributions  of  0*.  •  Experimental  points  (same  as  Fig. 

11);  -  best  fit,  obtained  by  adding  the  individual 

contributions  of  NO,,  ( - ),  NO  ( - )  ano 

0  ( -  - - )  to  the  0+  signal.  The  NO2  contribution  was 

calculated  using  the  dashed-line  P(E')  in  Fig.  4  and  b  *  0.  The 
NO  and  U  contributions  were  calculated  using  the  P(E')  in  Fig.  14 
and  b  =*  +0.5.  Spontaneous  unimolecular  decay  of  hot  NO^  was 
neglected . 
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